Introduction
DNA double-strand breaks (DSBs) threaten genomic integrity in all domains of life.
DSBs arise during genome replication and can be induced by ionizing radiation, topoisomerase poisons and genotoxic chemicals. Furthermore, programmed DSBs are important intermediates in the generation of genetic diversity during meiosis and the rearrangements of immunoglobulin loci in the B-and T-cell development. Patients are predisposed to cancer, but also display to varying extents neurodegeneration, developmental problems and immune deficiencies [6] .
Two principal types of repair mechanisms repair DSBs. End joining is a template independent ligation reactions of the two ends. In the "canonical" nonhomologous end joining (NHEJ) reaction, the DNA ends are bound by Ku and ligated by Ligase IV and associated factors. In alternative non-homologous end joining pathways (alt-NHEJ), Ku is eventually removed from DNA ends in a process that requires the MRN complex (see below) and the DNA ends are resected to a limited extent and often joined at microhomologies (denoted then as microhomology mediated end joining (MMEJ)) (for a recent review, see e.g. [7] ). The homology directed repair mechanism (HDR), on the other hand, uses the sister chromatid (or the homologous chromosome in meiosis) as a template, resulting in an accurate restoration of the genetic information. The DNA ends are long-range resected and the resulting 3' single-stranded tails are paired with the homologous region in the sister-chromatid (or homologous chromosome in meiosis). The paired 3' tail serves as the primer for template DNA synthesis and accurate restoration of the disrupted genetic information.
It became evident in recent years that the choice of repair pathways -in particular in mammals -is not random but regulated in a cell cycle dependent manner (for a review, see e.g. [8] ). The fast but potentially mutagenic end-joining pathway -due to misrecombination or limited processing of DNA ends -is the preferred mode of repair in G1 phase and in human cells also in G2 phase. The accurate HDR is preferred in the S phase as well as for the repair of meiotic DSBs, where NHEJ is actively suppressed [9] . The pathway choice is determined in part by mediator proteins. 53BP1 is a mediator in mammalian cells and localizes to chromatin at DSBs, preventing DNA resection and promoting repair by NHEJ [10] .
BRCA1 opposes the binding of 53BP1 in S-phase and promotes repair by HDR [11] .
In eukaryotic cells, DSBs elicit a complex DNA damage response (DDR) that delays the cell cycle, activates transcriptional responses, results in alterations of the chromatin at the damage sites, activates the particular DSB repair pathway anddepending on the damage load -induces apoptosis [12] . The DDR is triggered by activation of the kinases ATM (Ataxia telangiectasia mutated) and ATR (ATM and Rad3 related). ATM is activated in response to ionizing radiation (which is believed to cause DSBs directly or by generating free radicals through the radiolysis of water [13] ) [14] [15] [16] while ATR is activated by replication protein A coated single-stranded (ss)DNA (e.g. from UV induced replication fork stalling) [17] . ATM and ATR phosphorylate more than 700 target proteins in human cells [18] , including histone 2AX (resulting in g-H2AX) [19, 20] , DNA repair factors and checkpoint mediators, cell cycle regulators and kinases, and the stress response transcription factor p53 [21] .
Although ATM can be activated also by oxidative stress [22] and alterations in chromatin structure [23] , a key factor for the DSBs dependent activation of ATM is the Mre11-Rad50-Nbs1 (MRN) complex [24] [25] [26] [27] [28] [29] [30] [31] [32] . MRN recruits ATM to DSBs but is also a substrate of ATM and functions both up-and downstream of ATM [14, 15] .
Besides ATM activation, MRN is also implicated in the structural tethering of DSBs and the processing of DNA ends by means of an endo-/exonuclease function, generating DNA ends that can be repaired by MMEJ or HDR (Fig. 1) [47] [48] [49] . It is also implicated in class switch recombination in B-cells [50] [51] [52] [53] and the detection of cytosolic DNA, which often arises from pathogen invasion [54, 55] .
MRN integrates both structural as well as enzymatic functions at DSBs. As an early factor at DSBs [56] it is implicated in the structural tethering of DNA and telomeres [57] [58] [59] [60] [61] , in the initial nucleolytic processing of DNA ends [39, 62] , and in the recruitment and activation of ATM [63, 64] (Fig. 1). MRN's ATP-regulated nuclease activity is rather unusual. MRN degrades dsDNA in 3'->5' direction in vitro [65] [66] [67] [68] but this activity would generate 5' singlestrand overhangs at DNA ends. In vivo, DNA ends are likely protected from this activity by Ku [69] [70] [71] or by Rad51/BRCA2 [72, 73] . MRN and its prokaryotic homologs, however, also have endonuclease [74, 75] as well as hairpin opening activities [76] . The endonuclease activity is primarily observed at obstructed DNA ends [65, 74, 75] near the DSBs in vitro and in vivo [74, [77] [78] [79] [80] . This endonucleolytic cleavage also requires CtIP (denoted SAE2 in S. cerevisiae and Ctp1 in S. pombe), which is specifically activated in S and G2 phases and contributes to the pathway choice [81] [82] [83] [84] . Sae2/CtIP is an endonuclease itself and cleaves near hairpin structures that are opened by MRN [85, 86] . The initially processed DNA ends are repaired by MMEJ or are further resected by Exo1 or BLM and DNA2 and repaired by HDR.
MRN can, however, also nick the DNA at some considerable distance from the DSB followed by 3'-5' resection towards the DNA ends [87, 88] . This is an intriguing model for explaining why MRN possesses both endo-and 3'-5' exonuclease activities. Of note, if the two DNA strands were cut in a random fashion, MRN would in 50% of the cases degrade DNA away from the break. It is still unclear how the sites for the endonucleolytic cut are chosen several hundred base pairs away from the DSB. Given MRN's ability to open hairpin structures [66, 68, 85, 86, 89] , the involvement of the bacterial homologs in degrading hairpin structures at replication forks [89] , and S. cerevisiae Mre11's binding preference for G-quadruplex DNA in vitro [90] , hairpins could play a role.
While further work is required to unravel the precise modes of MRN's and CtIP's nuclease activities at DSBs, the endonuclease activities are well suited to clear obstructed DNA ends, for instance by removing covalently bound Spo11 at meiotic breaks [91] or covalently bound poisoned topoisomerases [92] [93] [94] [95] . Perhaps most importantly, the NHEJ factor Ku [96] has a very high affinity for DNA ends and needs to be removed from DNA ends by MRN/CtIP prior to HDR or MMEJ [69, 71] .
In summary, MRN/CtIP is a highly regulated nuclease system that can clear blocked DNA ends prior to MMEJ or HDR.
Functional Architecture of MRN
MRN has an intriguing bipolar architecture with a globular ATP-and DNA-binding "head" and two long coiled-coil "tails". A model that integrates results from different structural approaches is shown in Fig. 2 , [33, 57, 66, 67, [97] [98] [99] [100] [101] [102] [103] [104] [105] [106] [107] [108] [109] .
MRN and its related bacterial SbcCD and archaeal MR complexes possess a conserved Mre11 2 -Rad50 2 core. In eukaryotes, this core assembles with one or two polypeptides of Nbs1. Mre11 links all three different proteins of the complex together in a highly flexible structure [100, 105, 110] . Mre11 dimer formation is critical for its activity [102, 103, 111] . Rad50 is a fairly large polypeptide that possesses a signature 30-50 nm long coiled-coil domain [57, 98, 99] . On one end of the coiled-coil is the nucleotide-binding domain (NBD), while on the other end is the Zn 2+ -hook dimerization motif (Fig. 2) . Upon binding to ATP, the two NBDs of the Mre11 2 -Rad50 2 complex engage by sandwiching two ATP molecules in their interface [97] . In the presence of ATP, the NBD dimer binds into the DNA binding cleft of the Mre11 dimer and partially blocks the nuclease active site [101, 105] . Biochemical studies suggest that in this conformation, the processive exonuclease activity of Mre11 is inhibited, while the endonuclease activity is unaffected [65, 105, 112] . The hook motif joins the coiled-coil domains of two Rad50 polypeptides from the same MRN complex or from different complexes, depending on MRN's interaction with DNA [107] . Both the coiled-coil as well as the hook are essential for the cellular function of the MRN complex [59, 114] . Studies with murine MRN suggested that the hook is important for ATM dependent activation of the DDR [115] .
The ATM activation capability of hook mutants of Rad50 can, however, be rescued by overexpression, suggesting that the coiled-coil domains might ensure an appropriate local concentration of MRN at DSBs [116] . Of note, the coiled-coil domains of Rad50 are fairly conserved in length within, but not across, phylogenetic kingdoms. Reducing the length of the Rad50 coiled-coil abolishes Mre11-Rad50-Xrs2 function in S. cerevisiae [114] . This result is remarkable, considering that prokaryotes and bacteriophages naturally contain much shorter coiled-coil domains.
Thus, much remains to be learned about the functional role of the coiled-coil domains of Rad50.
Nbs1 (or Xrs2) is responsible for nuclear localization of the complex [117] and contains a variety of protein-protein interaction modules (Fig. 2) . considerably (up to 20 fold) activated by dsDNA in vitro [65, 105] . Whether this is also true for the eukaryotic complex and whether the activity is subject to further regulation by e.g. Nbs1 or ATM needs to be addressed in future studies.
Conclusions and Outlook
The new data reveal that the different ATP-regulated structural states of MRN can be functionally separated in a living cell and promote different aspects of the DDR and the DSB repair (Fig. 3) . This implies that the ATP-bound state of Rad50 has a sufficiently long lifetime to participate in different biochemical pathways. To better understand the regulation of this state we need to move from a qualitative to a more quantitative analysis of MRN in living cells or more complete biochemical systems.
Although the identification of MRN's ATP-bound form as necessary for ATM activation is an important step forward, several questions remain. The two state
model of "open" and "closed" MRN is too simple. If this were true, a signature motif mutant, which prevents formation of the closed state, would also stimulate resection and inhibit ATM activation. Such a mutation, however, behaves like a Rad50 null [119] , showing that the ATP-bound closed form of MRN is also critical in HDR.
Furthermore, we lack a molecular model for the tethering functions of the complex, which likely involves formation of supramolecular aggregates [58, 60, 107] .
To this end, it will be necessary to provide a more detailed analysis of the interactions of MRN -in particular of Rad50 -with DNA, which remain uncharacterised. This analysis should also help to unravel how DNA end recognition, unwinding and endonuclease reactions are achieved in the ATP-bound conformation of MRN, considering that Rad50 blocks Mre11's dsDNA-binding sites in this form.
In summary, while MRN emerges as an ATP-controlled functional switch at DSBs that may coordinate the temporal transition from signaling and tethering to the processing of DSBs, further studies are necessary to provide an overarching mechanistic framework for this key DSB repair factor.
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Thus, MR acts as an ATP-regulated switch or clamp. 
